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Abstract  

For high loading density propelling charges, propellant grain geometry design is employed 
to improve ballistic efficiency. Specifically, grains that have 7 and 19 and even 37 perforations 
are used. These grains all have progressive geometries, i.e., surface areas that increase as the 
propellant burns. This report studies the effect of grain dimensions on progressivities of the 7- 
and 19-perforation geometries. Calculations show that for maximum progressivity, the ratio of 
grain diameter to perforation diameter should be as large as practical. It is shown that small 
values can degrade potential gun performance. Calculations also show that the grain 
length-to-diameter ratio should be at least between 1 and 2 for maximum progressivity. This 
effect is very nonlinear, and values less than 1 are shown to reduce progressivity and gun 
performance significantly. High-progressivity geometries have, however, an undesirable effect 
on ballistic temperature sensitivity and yield an increased sensitivity to propellant manufacturing 
variability. 
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1. INTRODUCTION 

There is a strong interest within the military (both Army and Navy) in obtaining longer standoff 

distances in direct- and indirect-fire applications. Furthermore, with the current budgetary 

constraints these improvements need to be accomplished without obtaining a new weapons systems. 

Retrofitting with a new ammunition in existing systems will result in considerable savings. One of 

the straightforward ways of accomplishing this is by increasing muzzle velocity using either more 

propellant or a higher energy propellant (or both) in the existing gun chamber. In retrofitting, the 

same restrictions in the gun with respect to maximum operating pressure and acceleration still hold, 

along with the given projectile travel. The problem, then, with using the higher loading 

density/energy propellant is to safely ignite the charge and to operate in a ballistically efficient 

manner to extract the increased energy in the form of improved muzzle velocity. The increased 

energy is necessary, but the overall efficiency of the system must be maintained (or improved). Any 

decrease in efficiency would mean that the increased energy could not be fully exploited in terms of 

muzzle velocity. 

To illustrate the problems that arise in attempting to accomplish this, a physical description of 

the interior ballistic process is given. In this way, a background is established for the study of 

propellant grain geometry, which is described in the following sections. 

When the propellant in the gun chamber is ignited, the pressure rises and the projectile starts to 

move down the gun tube. The most efficient use of the propellant energy is for the pressure to rise 

as rapidly as possible to the maximum operating pressure and remain there until all the propellant 

is consumed. This is then followed by an isentropic expansion as the projectile moves to muzzle 

exit. As the projectile accelerates, the free volume in the chamber increases. In order for the 

pressure to remain at the maximum allowable value, the propellant mass generation rate must keep 

up with the rapidly increasing volume. The mass generation rate, dm/dt, is given by 

dm/dt - pDAdx/dt, (1) 



where p is the density, A is the total propellant surface area, and dx/dt is the burn rate of the 

propellant. Since the density is nearly constant, the mass generation rate can be changed by altering 

A or dx/dt. The latter can be accomplished by formulating propellant compositions with variable 

burn rates (Robbins and Worrell 1992). A second way of increasing dm/dt at and after the maximum 

pressure is through A. Traditionally this is done by designing the propellant grain geometry so that 

the burning surface area will increase as the propellant combusts. Two important practical designs 

that give this increased surface area are the 7-perforation (perf) and the 19-perf grain geometries 

illustrated in Figure 1. 

LENGTH, L 

DIAMETER, D 

7-PERF 

WEB 

PERF, pd 
DIAMETER 

19-PERF 

Figure 1. 7-perf (D - 3pd + 4webV. 19-perf (D ~ 5pd + 6web). 

In these cases, as the propellant burns, the outside surface decreases in area, but the perforation 

surface area increases. The ratio of the total reacting surface area to the initial surface area (the 

progressivity), as a function of the fraction of propellant burned, is illustrated in Figure 2. The 

maximum in the curve occurs when the web (defined in Figure 1) burns through and the remaining 

"slivers" burn in a regressive manner. In Figure 2 this occurs at a mass fraction of approximately 

0.8. It would seem that the 19-perf geometry should always have a greater progressivity than the 

7-perf geometry simply because there is a larger number of perforations that have an increasing area 

as the propellant burns. However, as is seen later, propellant design constraints either due to 

manufacturing limitations or propellant burn rate considerations, such as perf-augmented burning 

(Robbins and Horst 1983a, 1983b; Juhasz et al. 1984), may dictate geometries that do not take full 

advantage of the potential progressivity. 



7-Perf, D = 11.85, pd = 0.847, web = 2.96 mm 19-Perf, D = 11.85, pd = 0.847, web = 1.27 mm 
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Figure 2. Progressivity. (a) 7-perf: (b) 19-perf grain geometry CUD - 1.1). 

Other problems can occur in the use of higher energy propellants or higher loading densities. 

(Further discussion is given in White et al. [1995].) These conditions result in contradictory 

requirements on mass generation rates. When the loading density is increased, the free volume in 

the chamber is reduced. This smaller free volume means that the mass generation rate, dm/dt, must 

be reduced in the early pressurization of the chamber so as not to exceed the maximum gun pressure. 

This is accomplished by reducing the initial propellant surface area (this assumes a uniform 

propellant composition). However, after the maximum pressure has been reached, dm/dt must be 

increased to keep up with the rapid increase in volume as the projectile moves down bore. Thus, as 

the loading density is increased, there is a need for even greater progressivity. When a new 

propellant that has a higher specific energy is used, similar problems are encountered as the initial 

surface area must be reduced to avoid excessive pressures. Furthermore, the problem may be 

complicated by the fact that newer higher energy propellants may have new burn rates, which can 

also cause further adjustments to the initial propellant surface area. These changes, as is shown later, 

can result in an unfavorable alteration in the grain progressivity. 

Specifically, this problem was studied by Robbins, Keys, and Brant (to be published), when 

introducing a high-energy, slower-burning nitramine propellant formulation in a 120-mm cannon. 

In spite of the higher energy, the resultant calculated muzzle velocity was actually lower than for the 

conventional JA2 formulation. Using 19-perf grain geometry, it was found that the optimized web 



for the nitramine propellant resulted in a progressivity that was no better than a 7-perf granulation 

and considerably lower than the standard JA2 19-perf grain. Thus, the increased propellant energy 

could not be fully exploited in this particular case. The reason for this and other grain geometry 

effects on performance is discussed in the following sections. What is clear is that as propellant 

energies and loading densities are increased and burn rates altered, consideration of the effect of 

progressivity on the interior ballistics is required in order to fully exploit propellant advances for 

increased muzzle energy. 

2. PROGRESSIVITY 

As already discussed, the grain progressivity is defined as the burning area of a grain after a 

fraction burned divided by the original unbumed grain area. Figure 3 shows a 7-perf grain with 

distance burned r; the shaded area represents the material burned (for clarity only 1 perf is shown 

burned). For purposes of simplicity, we only consider the progressivity up to slivering (i.e., to where 

r - web/2). All webs are assumed equal. Let "f' be the web fraction burned from ignition (r ■= 0) 

up to web/2 (i.e., the point where slivering begins). At this point the remaining slivers burn in a 

regressive manner. This is seen in Figure 2 where it can be shown that slivering occurs at fraction 

grain burned = 0.8. 

Figure 3. 7-perf (r = distance burned). 



The grain surface area is divided up into three parts: the outside area (the lateral outside surface), 

the perf area (the area defined by the interior of the perforations), and the end area (the area at both 

ends of the grain). The areas of the burning surface are given by 

A0(outside) - TT(D - 2r)(L - 2r), (2) 

Ap(perforation) - 7t(pd + 2r)(L-2r)n, (3) 

and 

Ae(ends) - it/2[(D - 2r)2 - n(pd + 2r)2], (4) 

where r is the depth burned, 

r - f(fraction burned)x web/2. (5) 

D is the outside diameter (Figure 1), r the distance burned, L the length, pd the perf diameter, and 

n the number of perfs. The web, D, and pd are related through the equations 

D( 19-perf) - 5pd + 6web (6) 

and 

D(7-perf) -3pd + 4web. (7) 

The progressivity, P, is defined as 

P - [A0(r) + Ap(r) + Ae(r)]/[Ao(0) + A„(0) + Ae(0)]. (8) 

The surface area of the perforations is (for practical grains) progressive, but the outside and ends are 

regressive (Appendix A). An example of a 19-perf grain progressivity is shown in Figure 4, with 

nominal values for grain dimensions (D, 13 mm; pd, 0.8 mm; L/D, 1.1). Figure 4(a) gives the overall 

progressivity plotted against fraction burned (f) up to slivering. Figure 4(b) illustrates the 

contribution to the progressivity of the three surfaces: the perf (+), the outside (A), and the end 



areas (■). The y-axis represents the percent change in area of each surface. The sum of all three 

gives the percent change in total surface area of the grain. It is seen that the perf area dominates the 

contribution as the grain burns, thus leading to the total area increase of approximately 50% when 

the web burns through at f - 1. Figure 4(c) illustrates the individual areas as a percentage of the total 

initial area (the grain area before combustion). At the start of burn (f - 0), it is seen that the perf area 

(+) and the outside areas (A) are nearly the same, with the ends (■) being smaller. As the grain 

bums, the outside and ends decrease, but the perfs increase at a higher rate, resulting in an increase 

in total surface area. We will refer to these types of charts later as the effect of grain parameters on 

progressivity is investigated. 

D = 13.00; pd = 0.800; web = 1.500 mm; L/D= 1.1 
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Figure 4. (a) Progressivity. 19-perf: (b) percent change in area: (c) areas, percent of original 
area. 



2.1 Effect of D/pd on Progressivitv. We have chosen this ratio as the first parameter to 

investigate. If the grain length is long compared with the diameter, the end areas can be neglected 

and the progressivitv for a 19-perf grain can be written using equations 2-6 as 

P19(approx.) = 1 + 3f(D/pd - 5)/(D/pd + 19), (9) 

which depends only on the D/pd ratio. The actual value of the progressivitv, including end effects, 

is plotted in Figures 5 and 6 for two cases. The perf diameter was chosen to be 0.8 mm with an outer 

diameter of 5 mm (D/pd - 6.25, Figure 5) and 15 mm (D/pd - 18.75, Figure 6). The IVD was 

chosen to be 100. The effect of the D/pd ratio is clearly seen. The reason for this can be understood 

from parts (b) and (c) for each figure. Parts (b) of the figures represent the partitioning of the total 

grain surface area between the perfs (+), outside (A), and end (■) areas. As is evident, we have 

chosen a grain in which the end areas are insignificant. It is also seen that for the small grain 

(Figure 5), the bulk of the area comes from the perf area, whereas for the large grain (Figure 6) there 

is a near equal division between the perf area and the outside area. When the outside diameter is 

smaller, however, the area change is relatively small before the grain has burned through the web 

(Figure 5[b]). Note that the web for the 5-mm-diameter grain is 0.167 mm, and for the 15-mm grain 

it is 1.833 mm. The small web does not allow for a very large change in area, which results in a low 

progressivity. If, however, a very small perf diameter were chosen for the 5-mm-diameter grain, 

such that the D/pd ratio was increased to 18.75, the progressivity curve would be the same as that 

of the larger 15-mm-diameter grain. The web is still smaller than for the 15-mm grain, but now the 

percent change in perf area is increased, leading to a progressivity that is as large as the 15-mm 

grain. Examination of equation 9 reveals that the slope, 3(D/pd-5)/(D/pd+4), will vary from 0 to 

3 when D/pd goes from a minimum value of 5 up to a large number. It is clear that to obtain the 

maximum progressivity, the largest practical D/pd should be used. 
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Figure 5. (a) Progressivitv. 19-perf. D/pd - 6.25: (b) percent change in areas (■ andAcoincide): 
(c) areas, percent of original. 

2.2 Effect of L/D on Progressivitv. In the previous examples the grain was made intentionally 

long so as to be able to ignore end effects. However, as is seen from equation 4, the end areas are 

regressive in a nonlinear way, and when the grain web is a significant fraction of the length L, 

examination of equation 2 shows that the progressive rate of the perforation area is reduced as the 

grain burns down to slivers. This effect is illustrated in a comparison of Figures 7 and 8. In 

Figure 7, the D/pd ratio (18.75) is the same as that used in Figure 6 except that the I/D ratio is now 

0.5 instead of 100. A distinct nonlinearity is observed in the perf area (+) function as the 

perforations become noticeably shorter when the grain burns. Additionally the regressive end areas 

(■) now make a significant contribution, with a reduction of surface area. This contributes to a 

significant reduction in progressivity as seen in Figure 7(a). 
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Figure 6. (a) Progressivity. 19-perf. D/pd - 18.75: (b) percent change in area: 
(c) areas, percent of original. 

The effect of L/D is even more significant on the 7-perf grain geometry. Figure 8 shows the 

progressivity for L/D of 10 and Figure 9 for an L/D of 0.8. Because of the fewer number of perfs, 

the contribution of the end areas becomes more significant than for the 19-perf geometry. 

3. DISCUSSION 

From the results discussed previously it is clear that, except for cases where the L/D is small, the 

dependence of the progressivity on the fraction burned is nearly linear. As a consequence a 

reasonable figure of merit on progressivity is to evaluate the ratio of A(f)/A(0) at slivering (i.e., when 

f approaches 1.0). Table 1 evaluates the progressivity at f = 1 (slivering) for both the 7- and 19-perf 

geometries with a representative number of grain sizes. Also listed is the percent mass fraction 

burned at slivering. It is seen that the L/D should be greater than 1 or even as large as 2 in order to 
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Figure 7. (a) Progressivitv. 19-perf. UP -0.5: (b) percent change in area: 
(c) areas, percent of original. 

achieve the highest progressivitv. The dependance is nonlinear, and not much improvement is 

realized beyond 3 or 4. With a small D/pd it is seen that the progressivitv of the 19-perf grain is 

lower than the 7-perf grain. Moreover, the percent that will burn in a regressive manner after 

slivering is larger, making the overall progressivitv even smaller. Calculations were done in which 

the contribution from the ends were removed (see the row marked "a" in Table 1), such as might be 

the case if the ends were inhibited from ignition or combustion or in the case where the grain is very 

long. The resulting progressivity for the 19-perf geometry is given by equation 9. For the 7-perf 

grain, the progressivity is given by 

P7 - 1.5f(D/pd - 3)/(D/pd + 7). (10) 

The last row (b) in Table 1 illustrates the progressivity of the perforations alone. This would be 

the case if both the ends and outside surface were inhibited from ignition and combustion. The 

analytical expression for this is the same for any number of perforations (1,7, or 19), is given by 

10 
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P(perforation) - 1 + (f x web)/pd, (11) 

and is completely determined by the web/pd ratio. As is seen from Table 1(b), significant 

progressivities can be achieved if inhibitors could be successfully used on the regressive outside 

surfaces. However, it is also seen that percent propellant burning with that high progressivity is 

relatively low compared with the other table entries. 

The importance of the geometrical effects of grain geometry can be illustrated with reference to 

the work of Robbins, Keys, and Brant (to be published). A new high-energy propellant was to be 

considered in the 120-mm cannon. The burn rate was lower than for the conventional JA2 

propellant. Optimization calculations were carried out with the LBHVG2 interior ballistics code with 

11 
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Figure 9. Progressivitv. 7-perf. L/D - 0.8: (b) percent change in area: 
(c) areas, percent of original. 

the new formulation. Since the new burn rate was lower, the propellant surface area had to be 

increased so as to achieve the required maximum pressure. This constraint resulted in a smaller web 

and grain diameter. For practical manufacturing considerations the perforation size was kept the 

same as for the JA2 formulation. As a consequence, the D/pd of the resulting grain was considerably 

smaller than for the JA2 propellant, which led to a significant reduction in progressivitv. This 

resulted in a lower efficiency, and the expected performance was not achieved. 

Another example of this is the study carried out by White et al. (1995) on the performance 

improvement to be expected in a 120-mm cannon by increasing the propellant loading density. The 

calculations (H3HVG2) were performed by incrementally increasing the loading density and then 

optimizing the grain web for maximum performance. It was found that at the high loading densities, 

the performance actually decreased mainly due to the fact that the surface area of the total charge had 

12 
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to be decreased, meaning an increase in grain diameter and web. This resulted in a grain that could 

not be burned up before muzzle exit. When a grain length of 16.18 mm was used, the muzzle 

velocity calculated was 1,294 m/s, with 58% of the propellant consumed (D/pd - 48). The optimized 

web led to an IVD of 0.58. Using the same mass of propellant, the grain length was increased to 

55.8 mm. The optimized calculation gave a muzzle velocity of 1,409 m/s with 76% of the propellant 

consumed (UD - 2.42; D/pd - 41). Thus, for high energy and high loading density configurations, 

the progressivity can have significant effects on performance and should be considered in any 

performance calculations. 

4. CONCLUSIONS 

With the desire to go to higher energy/loading density propelling charges, calculations have 

shown the requirement of higher progressivity (chemical or geometrical) charges for efficient use 

of added energy (White et al. 1995). To achieve this for conventional geometry propellants, the 

calculations performed here have shown that for 7- and 19-perf grains the progressivity is improved 

by increasing the ratio of grain diameter to perf diameter to as large a value as is possible. The 

minimum size of the perforation is limited due to manufacturing difficulties. Additionally, Ruth et 

al. (1991) have shown the problems that arise if the ratio of grain length to perf diameter becomes 

too large. Pressures can build up within the perforations, causing grain rupture. 

An additional value that should be maximized is the ratio of grain length to grain diameter. This 

aids in minimizing the regressive effects of the grain ends. The example given in section 3 showed 

that when the L/D ratio chosen was too small, there was an 8% loss in velocity. Again, there are 

limitations on just how large an L/D can be chosen because of the possibility of grain rupture. The 

progressivity dependence on L/D is very nonlinear, and a practical minimum value is between 1 and 

2. Beyond this, the gain in progressivity is not large. 

Calculations also demonstrated that very large gains in progressivity can be achieved if both the 

grain ends and outside surface could be inhibited from ignition and combustion. The resulting grain 
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would have only perforations burning. It was also seen that, in this case, the progressivity did not 

depend on the number of perforations, only on the ratio of web to perf diameter. 

In all this discussion concerning propellant grain progressivity, it should be pointed out that there 

is a ballistically negative effect on propelling charge temperature sensitivity due to high 

progressivity. The details of this have been discussed at length by Anderson and Puhalla (1991). 

Briefly, the physical effect can be described as follows. When the propellant is conditioned at 

different temperatures, the burn rate changes. As an example, suppose the propelling charge is 

conditioned to a low temperature and subsequently fired in a cannon. The burn rate will be lower, 

and, hence, the propellant will regress a smaller distance in a given time. If the progressivity is fairly 

large, as for a 19-perf propellant, the surface area will also be smaller as the propellant will be at a 

smaller fraction burned. As is seen in Figure 2 this will result in a smaller surface area. This will 

act as a negative feedback on the mass generation rate and will reduce the pressure even further. If 

the progressivity is neutral, as in a 1-perf grain, the feedback from the surface area into the mass 

generation rate will not be changed as the surface area does not change (or changes only slightly) for 

this neutral burning geometry. Hence, for propelling charges employing the 1-perf geometry, there 

will be a smaller effect on the ballistics due to a different operating temperature. Numerous 

examples of this for a variety of geometries are given by Anderson and Puhalla (1991). 

A further liability of high-progressivity grain geometry is that the gun performance in terms of 

muzzle velocity and peak pressure becomes more sensitive to grain geometry variability that might 

occur during manufacture (Anderson and Puhalla 1991). This will be particularly important in a 

howitzer, where repeatability of performance is of critical importance. 
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APPENDIX A: 

GRAIN PARAMETERS FOR DETERMINING PROGRESSIVE OR REGRESSIVE SURFACES 
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The expressions for evaluating the three different surface areas of a propellant grain are given 

by 

A0(outside) - rc(D - 2r)(L - 2r), (1) 

Ap(perforation) - rc(pd + 2r)(L-2r)n, (2) 

and 

Ae(ends) - 7t/2[(D - 2r)2 - n(pd + 2r)2], (3) 

where r is the depth burned, 

r - f(fraction bumed)x web/2. (4) 

OUTSIDE AREA 

To determine if the surfaces are progressive or regressive during the course of burning, we take 

the derivative with respect to r. For the outside lateral surface we have 

dAJ<k-n[ST-2(L + D)]. (5) 

This surface will be regressive when 

dA0/dr-7i[8r-2(L + D)]<0 (6) 

or 

r < (L + D)/4. (7) 

The relationship between web and diameter, D, is given by 

D(19-perf) - 5pd + 6web (8) 

and 
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D(7-perf) «=3pd + 4web. (9) 

The maximum value of r will be web/2, which, from the definition of web for 7- or 19-perf grains 

(equations 8 and 9), will always be less than D/8. Consequently, equation 7 will always be true, and 

the outside lateral surface will always be regressive. 

PERFORATION AREA 

The perforation surfaces are progressive if the final area, Apf, at burnout is greater than the initial 

area, A^. This can be expressed as 

\f-\iX), (10) 

where 

Ap - it(pd + 2r)(L-2r)n, (11) 

and for the initial surface r - 0, 

^ - rcn(pd)L, (12) 

and the final surface at slivering is r - web/2, 

Apf - 7m(pdxL - webxpd + webxL - web2). (13) 

Evaluating equation 10 with 12 and 13, 

L - pd > web. (14) 

For the 7-perf grain geometry (equation 9), 

web-D/4-3pd/4. (15) 
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Equation 14 becomes 

UD > 0.25 + 0.25pd/D. (16) 

Since the pd cannot be more than 1/3D (Figure 1), the value of pd/D for a 7-perf grain will range 

from 0 to a maximum of 0.333. Consequently, for the perforation surfaces to be progressive, 

UD > 0.3333. (17) 

It is clear that the perforation surfaces will be progressive for most practical grain geometries. Some 

examples of the progressivity of the perforation surfaces of a 7-perf grain for various values of UD 

are given in Figure A-l. 
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*UD=05 
+ UD=025 
• UD=05 

0.2 0.4 0.6 0.8 
f (Fraction Web/2 Burned) 
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*   30 - 

-20 

(b) 

D =5, pd = 1, web = 0.5 mm 

0.2 0.4 0.6 0.8 
f (Fraction Web/2 Burned) 

Figure A-l. Percent perforation area change. 7-perf grain: (a) pd/D - 0.0667. 
Oripd/D -0.2. 

For the 19-perf grain geometry (equation 8), 

web - D/6 - 5pd/6. (18) 

Equation 14 becomes 
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IVD> 0.167 + 0.167pd/D. (19) 

The value of pd/D for a 19-perf grain will range from 0 to a maximum of 0.2 (Figure 1). 

Consequently for the perforation surfaces to be progressive, 

IVD > 0.2. (20) 

As was true for the 7-perf grain, for most practical designs the perforation surfaces will be 

progressive. Some examples of the progressivity of the perforation surfaces of a 19-perf grain for 

various values of IVD are given in Figure A-2. 

D =15, pd = 1, web = 1.667 mm D = 8, pd = 1,web = 0.5mm 
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Figure A-2. Percent perforation area change. 19-perf grain: (a) pd/D - 0.067. 
flrtpd/D- 0.125. 

END AREAS 

The end areas will be regressive if, from equation 3, derivative with respect to r is less than zero, 

and 

dA7dt - 7t/2[-4(D - 2r) - 4n(pd + 2r)] < 0, 

D + pd>2r(l-n). 
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From equation 22 it is clear that the right hand side will be less than zero for n = 7(-perf) or 

n - 19(-perf) propellants, and, consequently, the end areas will be regressive during the burning of 

the propellant. 
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APPENDIX B: 

DESCRIPTION AND LISTING OF SPREADSHEET PROGRAM 
USED FOR CALCULATING AREAS 
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Calculations and graphs given in this report were carried out in a spreadsheet program using 

Lotus 1-2-3 Release 4 for Windows. A sample of a calculation with the resulting spreadsheet output 

is given on page 30. The program works in the following way: the grain parameters, defined in 

succeeding text, are placed into the appropriate cells. Each column, representing an area or 

percentage, is automatically updated. Graphs of the data (Figures 4-9) are automatically updated 

and then "copied" and "pasted" into the text of this document. The grain dimension input parameters 

and the cell location within the spreadsheet are as follows: 

Input Cell 

grain diameter, D (mm) J7 
perf diameter, pd (mm) K7 
length/diameter, L/D L2 
number of perfs, n (7 or 19) M7 

Output Cell(s) 

fraction of web/2, f. Q7...Q27 
outside area D7...D27 
perf area D7...D27 
ends area H7...H27 
distance burned, r R7...R27 
progressivity T7...T27 
mass fraction burned 07...027 
web Pll 
progressivity® slivering K15 
fraction burned @ slivering..K20 
grain length, L. L7 

Various other parameters plotted in the graphs in this report are defined in the column headings 

for columns A through T. The analytical expression for each area (column A, B, etc.), which starts 

in row 7, is given below the spreadsheet (A7 -.., B7 -..., C7 -..., etc.). Graphs of these data were 

defined by the relevant columns, i.e., the x-axis was defined by the fraction web burned, Q7...Q27, 

the y-axis (Aout/Atotal) defined by C7...C27, etc. Graph HEADINGS were defined by cell J9 so that 

input data would always be associated with each graph. As has been noted, only 7- and 19-perf 

geometries were considered in these calculations. 

The example given on the next page has the following parameters: 

D - 15 mm, pd - 1 mm, L/D - 2, and n - 19. 
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